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Clinical PerspectiveWhat Is New?This study suggests that the mechanism underlying the important role of miR‐210 in promoting neovascularization and neural precursor cell accumulation around ischemic foci after cerebral ischemia is by regulation of the SOCS1 (suppressor of cytokine signaling 1)--STAT3 (signal transducer and activator of transcription 3)--VEGF‐C (vascular endothelial growth factor C) pathway.What Are the Clinical Implications?Our findings suggest that increased miR‐210 expression may provide a novel therapeutic target for promoting neovascularization and facilitate nerve repair after cerebral ischemia.

Introduction {#jah32959-sec-0008}
============

Ischemic stroke refers to localized ischemic necrosis or softening of brain tissues caused by cerebral blood supply disorders or hypoxia. This clinical situation accounts for 80% of all stroke cases and is characterized by high morbidity and mortality, as well as high recurrence and disability rates. Ischemic stroke is a heavy burden on families and societies.[1](#jah32959-bib-0001){ref-type="ref"}, [2](#jah32959-bib-0002){ref-type="ref"} Therefore, the recovery of neurological function following cerebral infarction is an urgent issue that needs specific attention. The migration of neural precursor cells (NPCs) toward lesions is key to the repair process; however, the mechanism underlying NPC migration is still unclear. An increasing number of studies have focused recently on the correlation between neurogenesis and angiogenesis after cerebral ischemia. Neuroblasts in the subependymal zone were observed migrating toward the neovasculature around the ischemic lesion after a stroke, and the NPC migration route was closely related to the orientation of cerebral blood vessels. The findings suggested that the neovasculature in the neurovascular niche acts as a scaffold and plays important roles in guiding NPC migration.[3](#jah32959-bib-0003){ref-type="ref"} Based on the in vivo studies, which showed that the injection of endostatin significantly inhibited neuroblast migration while inhibiting angiogenesis and blockade of Angiopoietin receptor TIE2 reduced neuroblast migration. Ohab et al proposed the concept of the neurovascular niche, suggesting that the migration of neuroblasts is closely related to vascular remodeling.[4](#jah32959-bib-0004){ref-type="ref"} The findings gave us a clue that the newly formed neurovascular niche around the ischemic lesion may be an important microenvironment that is required for NPC migration and a crucial factor that affects NPC migration.

Adult endothelial progenitor cells (EPCs) reside in the bone marrow and can be mobilized to circulate in the peripheral blood via cytokines released from injured endothelial cells and tissues in pathological conditions.[5](#jah32959-bib-0005){ref-type="ref"} The enriched cells in injured areas contribute to the neovascularization. In addition, the increased mobilization of EPCs was also observed after acute ischemic stroke and bone marrow--derived EPCs were shown to be involved in neovascularization around cerebral ischemic lesions.[6](#jah32959-bib-0006){ref-type="ref"}

MicroRNA‐210 (miR‐210) controls the hypoxia response. Hypoxia induces the upregulation of miR‐210 in cells and tissues.[7](#jah32959-bib-0007){ref-type="ref"} Clinical studies demonstrated that miR‐210 levels are significantly higher in stroke patients with good outcomes than in those with poor outcomes. Moreover, miR‐210 can be used as a blood biomarker to predict clinical outcomes.[8](#jah32959-bib-0008){ref-type="ref"} In vitro studies have shown that the overexpression of miR‐210 promotes the migration of endothelial cells and the formation of vascular‐like structures, whereas inhibiting miR‐210 expression decreases endothelial cell growth and migration, induces apoptosis, and inhibits the formation of vascular‐like structures.[9](#jah32959-bib-0009){ref-type="ref"} The overexpression of miR‐210 in vivo was shown to increase tissue perfusion and capillary density after renal ischemia/reperfusion (I/R) injury and myocardial injury.[10](#jah32959-bib-0010){ref-type="ref"}, [11](#jah32959-bib-0011){ref-type="ref"}, [12](#jah32959-bib-0012){ref-type="ref"} These findings suggested that miR‐210 is related to vascular remodeling after ischemic injuries. It was reported that the in vivo overexpression of miR‐210 increases angiogenesis and neurogenesis in both healthy adult mice and mice with focal cerebral ischemia.[13](#jah32959-bib-0013){ref-type="ref"}, [14](#jah32959-bib-0014){ref-type="ref"} However, few studies focused on the relationships of miR‐210 with hypoxia, angiogenesis, and NPC migration. In addition, the mechanisms underlying these relationships have not been explored.

Vascular endothelial growth factor (VEGF) is an endothelial cell--specific mitogen and secreted dimer protein. Exposure to hypoxia induces increased VEGF expression and angiogenesis through a variety of pathways.[15](#jah32959-bib-0015){ref-type="ref"}, [16](#jah32959-bib-0016){ref-type="ref"}, [17](#jah32959-bib-0017){ref-type="ref"}, [18](#jah32959-bib-0018){ref-type="ref"}, [19](#jah32959-bib-0019){ref-type="ref"} VEGF promotes neurogenesis and the survival of new NPCs.[20](#jah32959-bib-0020){ref-type="ref"}, [21](#jah32959-bib-0021){ref-type="ref"}, [22](#jah32959-bib-0022){ref-type="ref"} VEGF and VEGF receptor (VEGFR) expression is upregulated in the ischemic penumbra, which is beneficial for neurovascular remodeling and neurological function recovery after a hypoxic/ischemic cerebral injury.[17](#jah32959-bib-0017){ref-type="ref"}, [23](#jah32959-bib-0023){ref-type="ref"}, [24](#jah32959-bib-0024){ref-type="ref"}, [25](#jah32959-bib-0025){ref-type="ref"}, [26](#jah32959-bib-0026){ref-type="ref"}, [27](#jah32959-bib-0027){ref-type="ref"}, [28](#jah32959-bib-0028){ref-type="ref"}, [29](#jah32959-bib-0029){ref-type="ref"} Several studies indicated that miR‐210 upregulates VEGF expression.[30](#jah32959-bib-0030){ref-type="ref"}, [31](#jah32959-bib-0031){ref-type="ref"}, [32](#jah32959-bib-0032){ref-type="ref"}, [33](#jah32959-bib-0033){ref-type="ref"} Therefore, we hypothesized that EPC homing may be involved in cerebral neovascularization following cerebral ischemia and that miR‐210 in EPCs upregulates VEGF under hypoxic conditions, promoting NPC accumulation and survival around ischemic foci and neurological function recovery.

In this study, the upregulated miR‐210 and VEGF and the increased angiogenesis and distribution of NPCs around ischemic lesions were observed in a focal cerebral ischemia mouse model. In addition, the upregulated miR‐210 and VEGF were observed in EPCs under hypoxic conditions. Moreover, the upregulated miR‐210 in EPCs promoted further NPC migration, whereas downregulated miR‐210 decreased NPC migration in vitro. Furthermore, the expression of SOCS1 (suppressor of cytokine signaling 1), STAT3 (signal transducer and activator of transcription 3), and VEGF was regulated by miR‐210 in vitro.

Materials and Methods {#jah32959-sec-0009}
=====================

The data, analytic methods, and study materials have been made available to other researchers for purposes of reproducing the results or replicating the procedure. All data and supporting materials have been provided with the published article.

Animals {#jah32959-sec-0010}
-------

All experiments were performed according to national guidelines and the ARRIVE guidelines (<https://www.nc3rs.org.uk/arrive-guidelines>). The study procedures for the use of laboratory animals were approved by the laboratory animal welfare and ethics committee of the Third Military Medical University, Chongqing, China. C57BL/6 genetic background mice and EGFP (enhanced green fluorescent protein) transgenic mice (Nanjing Biomedical Research Institute of Nanjing University, China) were raised in a temperature‐ and light‐controlled environment. Food and water were provided to the mice ad libitum.

Generation of Chimeric Mice Expressing EGFP in Bone Marrow Cells {#jah32959-sec-0011}
----------------------------------------------------------------

Eight‐week‐old C57BL/6 mice were irradiated with cobalt 60 at a dose of 10 Gy to destroy their bone marrow cells. Bone marrow cells were isolated from the EGFP transgenic mice to prepare a cell suspension. After irradiation, the bone marrow cell suspension prepared from the EGFP transgenic mice was injected into the irradiated mice via the jugular vein on the same day. After 8 weeks of bone marrow reconstruction in the mice, bone marrow was withdrawn from the hind limbs to prepare a cell suspension. The percentage of EGFP‐positive cells in the bone marrow was examined using flow cytometry. The mice were used to establish a middle cerebral artery I/R model 8 weeks after bone marrow reconstruction.

Mouse Middle Cerebral Artery Occlusion/Reperfusion Model {#jah32959-sec-0012}
--------------------------------------------------------

The I/R model was prepared using C57BL/6 mice and chimeric mice with bone marrow cells expressing EGFP. The model was established using middle cerebral artery occlusion (MCAO), as in our previous study.[34](#jah32959-bib-0034){ref-type="ref"} The animals were divided into 3‐ and 7‐day (after I/R) groups, in addition to the sham‐operated group, with 6 animals in each group. Briefly, the mice were anesthetized with chloral hydrate (300 mg/kg IP). A 2.0‐cm silicone‐coated 8‐0 nylon suture was gently inserted from the external carotid artery stump to the internal carotid artery, stopping at the opening of the middle cerebral artery. The ligation was maintained for 120 minutes before cerebral blood flow was restored. Body temperature of the mice was maintained at 37±0.3°C using a heating pad during surgery. The mice were provided with unlimited access to food and water after awakening. Neurological deficits were graded after the mice recovered using a 4‐point neurologic deficit severity scale: 0=no deficit; 1=forelimb weakness and torso turning to the ipsilateral side when held by the tail; 2=circling to the affected side; 3=unable to bear weight on the affected side; and 4=no spontaneous locomotor activity or barrel rolling.[35](#jah32959-bib-0035){ref-type="ref"} Animals with scores of 2 to 3 were used in the subsequent studies, whereas animals with a score of 1 or 4 were excluded from the studies. Sham‐operated mice underwent the same procedure without inserting the suture into the internal carotid artery.

5′‐Bromo‐2′‐Deoxyuridine Labeling In Vivo {#jah32959-sec-0013}
-----------------------------------------

On the fourth to sixth days or the first to seventh days after cerebral I/R, BrdU (5′‐Bromo‐2′‐Deoxyuridine) (100 mg/dL in saline) was injected intraperitoneally. The sham‐operated mice were injected with the same dose of BrdU on the same days after the sham operation.

Lentiviral Gene Transfer Into Mouse Brains {#jah32959-sec-0014}
------------------------------------------

Adult C57BL/6 mice were anesthetized with chloral hydrate and then kept immobile on a stereotactic apparatus. Next, 3 µL of a lentivirus solution (LV‐miR‐210 or LV‐miR‐210 inhibitor, 4.0×10^8^ IU, packaged and titered at Shanghai Genechem Co, Ltd, China) were directly injected (0.2 μL/min) into the right striatum. A Stoelting injection system was used to perform the injection at 2 mm lateral and 0.8 mm anterior to the bregma at a depth of 3.0 mm. The needle then was maintained in place for 10 minutes. At 14 days after viral vector injection, the MCAO model was prepared using these mice. Lentivirus‐GFP (green fluorescent protein; LV‐GFP), as a viral marker and a viral control, was delivered to the animals using the same protocol.

Brain Water Content {#jah32959-sec-0015}
-------------------

The brain water content (BWC) of all groups was examined using a previously published method.[36](#jah32959-bib-0036){ref-type="ref"} Briefly, mice injected with LV--miR‐210, LV--miR‐210 inhibitor, or LV‐GFP were euthanized using intraperitoneal anesthetization 3 days after successful MCAO model preparation. Cerebral tissues were collected from the ischemic side for examination of the BWC of mice in each group. The BWC was calculated using the following formula: (wet weight−dry weight)/wet weight×100%. The BWC examination was performed in a blinded manner.

Neurological Deficit Scores {#jah32959-sec-0016}
---------------------------

Neurological deficits were assessed using a previously published method.[37](#jah32959-bib-0037){ref-type="ref"} Briefly, mice injected with LV--miR‐210, LV--miR‐210 inhibitor, or LV‐GFP were evaluated for motor deficits 3 days after occlusion/perfusion using a 4‐point neurologic deficit severity scale. The scoring was performed in a blinded manner by 2 researchers who did not have information on animal grouping. The average score was used as the final score for each mouse.

Isolation, Culture, and Characterization of EPCs From Bone Marrow {#jah32959-sec-0017}
-----------------------------------------------------------------

Isolation, culture and characterization of EPCs from bone marrow were carried out according to protocols described in the literature.[38](#jah32959-bib-0038){ref-type="ref"} Briefly, 6‐week‐old male C57BL/6 mice were euthanized through anesthesia overdose under aseptic conditions, and the tibia and femurs were bluntly isolated. The bone marrow was aspirated with 5 mL of PBS, filtered through 200‐mesh sieves, and centrifuged at 400*g* for 30 minutes to collect the cloudy cell layer. The cells were suspended in EGM‐2‐MV Bullet Kit medium (Lonza). The medium was changed to remove the suspension cells after 72 hours, followed by medium changes once every 3 days. The cells from day 7 were used in subsequent studies. The expression levels of the EPC surface antigens CD31, CD34, and VEGFR2 were examined on days 1, 4, and 7 using flow cytometry.

NPC Isolation, Culture, and Characterization {#jah32959-sec-0018}
--------------------------------------------

NPC isolation, culture, and characterization were carried out according to protocols described in the literature.[39](#jah32959-bib-0039){ref-type="ref"} Briefly, pregnant C57BL/6 mice were euthanized at gestational day 12 to 13 by cervical dislocation, and the embryonic telencephalon was isolated and cut into 1‐mm^3^ pieces using scissors. The tissue was then digested using 0.125% trypsin (containing EDTA) at 37°C for 5 minutes. Medium containing FBS was then added to neutralize trypsin digestion, and the cells were collected through centrifugation at 200g for 5 minutes. The cells were resuspended in NPC medium (DMEM/F12 plus 1% N2 supplement, 2% B27 supplement, 10 ng/mL basic fibroblast growth factor, and 20 ng/mL epidermal growth factor) and inoculated into T‐25 flasks for culture. The NPCs grew into "neuronal spheres," and the suspension cells were collected after 48 hours for further culture, with medium changes every 2 days. The cells from the third passage were characterized using immunofluorescence. The examined markers included β‐tubulin III, DCX (doublecortin), and nestin. These cells were used in the subsequent studies.

Hypoxic Treatment of EPCs {#jah32959-sec-0019}
-------------------------

The EPC culture plates were placed in a mixture of 94% N~2~, 1% O~2~, and 5% CO~2~ for 24 hours. The cells were collected for quantitative real‐time--polymerase chain reaction (qRT‐PCR) to detect the expression of miR‐210 under hypoxic conditions. The expression of VEGF‐C in the supernatant was detected using ELISA. The EPCs that were cultured under normal conditions were used as controls. The samples from each group were assayed in triplicate, in parallel.

Culture of HEK293 Cells {#jah32959-sec-0020}
-----------------------

HEK293T cells were obtained from the American Type Culture Collection and cultured in DMEM with 10% FBS.

Constructs {#jah32959-sec-0021}
----------

The primers in this study were synthesized by GenePharma. The primers for miR‐210 were forward primer 5′‐GCAGTCTGTGCGTGTGACAGC‐3′ and reverse primer 5′‐GTGCAGGGTCCGAGGT‐3′.

The primers for VEGF‐C were forward primer 5′‐ACTTGCTGTGCTTCTTGT‐3′ and reverse primer 5′‐CTCATCTACGCTGGACAC‐3′.

The miR‐210 mimic and miR‐210 inhibitor were synthesized by GenePharma.

To generate the SOCS1 vector, the full open reading frame cDNA for human SOCS1 was transcribed, and the product was amplified using primers with flanking Spe I and Hind III restriction enzyme sites. The DNA was then inserted into the pcDNA3.1 vector (Invitrogen). SOCS1‐specific small interfering RNA (siRNA; SC‐40997) and control siRNA (SC‐37007) expression vectors were purchased from Santa Cruz Biotechnology.

Cell Transfection {#jah32959-sec-0022}
-----------------

HEK293T cells and EPCs were grown to 60% to 80% confluency and then transfected with miR‐210 mimic, miR‐210 inhibitor, a control siRNA, a siRNA targeting SOCS1, or a SOCS1 overexpression vector (pcDNA3.1‐SOCS1). For other experiments, cells were cotransfected with miR‐210 mimics and pcDNA3.1‐SOCS1. Cell transfection was carried out using Lipofectamine 2000 (Thermo Fisher Scientific), according to the instructions. Cells transfected with the miR‐210 mimic, miR‐210 inhibitor, si_SOCS1, or pcDNA3.1‐SOCS1 were collected 24 and 48 hours after transfection. The miR‐210 and SOCS1 expression levels were examined using qRT‐PCR to determine the optimal time point for successful transfection.

Cell Migration Assay {#jah32959-sec-0023}
--------------------

The cells used in the migration assay were divided into a normal EPC group, a miR‐210--overexpressing EPC group, and a miR‐210--suppressing group. For the blank control, medium (rather than EPCs) was placed in the lower chamber. The EPCs in each group were seeded into a 24‐well plate at a density of 1×10^4^ cells per well in the lower chamber. The NPCs were added to the transwell chamber at a density of 5×10^3^ cells per well in 100‐μL volume. The transwell chamber was removed after 24 hours and fixed with 4% paraformaldehyde, followed by 2 washes with normal saline and staining with 0.1% crystal violet for 3 minutes. A total of 20 fields of view for each group were selected under ×200 magnification for cell counting. The results were then analyzed. The assay was carried out in triplicate for each group. The counting of positive cells and the analysis were performed in a blinded manner.

To observe the effect of VEGFR inhibition on NPC migration, EPCs were placed in the lower chamber, whereas NPCs were placed in the upper chamber. The VEGFR2 antagonist vandetanib and the VEGFR3 antagonist SAR131675 were added to the upper transwell chamber (both at 100‐nmol/L concentrations). This treatment blocked the action of VEGF on NPCs. VEGFR antagonists were not added in the control group.

RNA Extraction and qRT‐PCR {#jah32959-sec-0024}
--------------------------

EPCs were collected 24 hours after being cultured under hypoxic conditions for RNA extraction and examination of miR‐210 expression using qRT‐PCR. EPCs cultured under normal conditions were used as controls.

Total RNA from the cultured EPCs was extracted using the TRIzol reagent (Thermo Fisher), and cDNA was synthesized using the iScript cDNA synthesis reagent (Bio‐Rad), according to the manufacturers\' instructions. In addition, qRT‐PCR was performed on a Bio‐Rad iCycler with the iQ SYBR Green Supermix (Bio‐Rad) in 96‐well plates, according to the manufacturer\'s instructions. The 2^−ΔΔCT^ method was adopted for data analysis.

ELISA {#jah32959-sec-0025}
-----

To examine VEGF‐C expression by EPCs under hypoxia, supernatant was collected from EPCs that had been cultured under hypoxic conditions. To examine the effect of changes in miR‐210 levels on the secretion of VEGF‐C by EPCs, supernatant from EPCs transfected with miR‐210 mimics or the miR‐210 inhibitor was collected 48 hours after transfection. The ELISA was carried out following the instructions for the VEGF‐C ELISA kit.

Western Blotting {#jah32959-sec-0026}
----------------

Cultured cells or brain tissues were lysed in RIPA lysis buffer, and the lysates were used in standard Western blotting assays. The anti‐VEGF‐C (1:100), anti‐SOCS1 (1:100), and anti‐STAT3 (1:5000) antibodies and the horseradish peroxidase--conjugated secondary antibody were purchased from Abcam. β‐Actin was used as an internal standard.

Immunofluorescence Staining {#jah32959-sec-0027}
---------------------------

The MCAO model was prepared using C57BL/6 mice and chimeric mice with bone marrow cells expressing EGFP. Perfusion fixation was performed 3 and 7 days after cerebral I/R using 4% paraformaldehyde. The brain was collected and dehydrated using 30% sucrose and was cryosectioned. To examine neovascularization and the source of neovasculature cells after cerebral I/R, CD31 immunofluorescence staining was performed on sections from brains that were harvested at 3 and 7 days. To observe NPC proliferation and migration in the subventricular zone (SVZ), brain sections from the BrdU‐labeled I/R mice and sham‐operated mice were collected on day 7 after cerebral I/R and used for anti‐BrdU and anti‐DCX double‐immunofluorescence staining. To observe the accumulation of neuroblasts around the ischemic lesions following cerebral I/R, sections from C57BL/6 mice collected 7 days after cerebral I/R were stained using DCX immunofluorescence. To observe the relationship between neovasculature and the accumulation of neuroblasts around ischemic lesions, brain sections were double‐immunofluorescence stained for CD31 and DCX. Perfusion fixation was performed with mice that were injected with LV--miR‐210 or LV--miR‐210 inhibitor 7 days after cerebral I/R, and the brain was collected and dehydrated using 30% sucrose. These brains were cryosectioned for immunofluorescence staining of CD31 and DCX. These staining experiments were performed to observe the effect of changes in local miR‐210 expression on neovascularization and the accumulation of neuroblasts around ischemic lesions following cerebral I/R. The primary antibodies used in the experiment were rabbit anti--mouse CD31 (1:200), goat anti--mouse DCX (1:100), and mouse anti--mouse BrdU (1:200). The secondary antibodies included Alexa Fluor 647 (1:200; donkey anti‐goat) and Alexa Fluor 594 (1:200; goat anti‐rabbit). The observed results were imaged using confocal microscopy (TCS Sp5; Leica). The numbers of CD31‐positive and DCX‐positive cells were counted in each field using ×400 magnification. The numbers of CD31 and EGFP double‐labeled cells were counted in each field using ×800 magnification. Three fields of view per animal and 6 mice per time point were examined under a confocal microscope for positive cell counting. The positive cell counting was performed in a blinded manner.

Dual‐Luciferase Reporter Assay {#jah32959-sec-0028}
------------------------------

To investigate the molecular mechanism of miR‐210 in the regulation of VEGF‐C, we searched for possible downstream target genes of miR‐210 using the PicTar and Target Scan 6.0 websites. We found that miR‐210 may be able to recognize the 3′ untranslated region (UTR) of SOCS1 mRNA. To determine whether SOCS1 is directly regulated by miR‐210, we designed and synthesized the SOCS1 3′‐UTR sequence and a mutated SOCS1 3′‐UTR sequence. We cloned the 2 fragments of the target gene into the pMIR‐REPORT Luciferase dual‐luciferase reporter DNA vector, generating wild‐type and mutant SOCS1 3′‐UTR dual‐luciferase reporter vectors (ie, wild‐type pMIR‐SOCS1‐3′ UTR and mutant pMIR‐SOCS1‐3′ UTR). The recombinant vectors were characterized through PCR, electrophoresis, and sequencing to confirm the successful construction of the vectors. The recombinant vector plasmids were transfected into HEK293T cells together with miR‐210 mimics or a miR‐210 negative control using Lipofectamine 2000, and luciferase activity was examined using the double luciferase assay system.

Statistical Analyses {#jah32959-sec-0029}
--------------------

All data were expressed as mean±SD and analyzed using SPSS 18.0 software (IBM Corp), and graphs were generated using GraphPad Prism 5.0 (GraphPad Software). A *t* test, 1‐way ANOVA, or nonparametric test was used to examine the differences between groups. A *P* value \<0.05 was considered statistically significant. The statistical analysis was conducted in a blinded manner.

Results {#jah32959-sec-0030}
=======

Neovascularization Around Ischemic Lesions in Mice Following Cerebral I/R {#jah32959-sec-0031}
-------------------------------------------------------------------------

A focal cerebral ischemia model was established in C57BL/6 mice and confirmed using TTC (2,3,5‐triphenyltetrazolium chloride) staining (Figure [1](#jah32959-fig-0001){ref-type="fig"}A). The mortality rate of the C57BL/6 mice after I/R was ≈25% on the third day and ≈40% on the seventh day. The mice were euthanized at 3 and 7 days after I/R, and perfusion fixation was performed. Sham‐operated mice were used as the control. The brain was collected for cryosectioning and immunofluorescence staining. CD31 (red) was used as a vascular endothelial cell marker. CD31‐positive vascular endothelial cells were found in the infarct border zone (IBZ) 3 and 7 days after MCAO (Figure [1](#jah32959-fig-0001){ref-type="fig"}B). The number of vascular endothelial cells increased over time, suggesting gradually increasing neovascularization with prolonged time after I/R (Figure [1](#jah32959-fig-0001){ref-type="fig"}B).

![Neovascularization around ischemic foci after cerebral ischemia/reperfusion in mice. A, Schematic drawing of ischemic foci and the infarction border zone (IBZ) after cerebral ischemia/reperfusion in mice. B, Compared with the sham‐operated control group, the number of CD31‐stained vascular endothelial cells around the ischemic foci increased significantly 3 and 7 days after middle cerebral artery occlusion/reperfusion in the treated mouse group; this number gradually increased with time after ischemia/reperfusion (n=6, \*\**P*\<0.01). d indicates days; DAPI, 4′,6‐diamidino‐2‐phenylindole.](JAH3-7-e005052-g001){#jah32959-fig-0001}

Bone Marrow--Derived EPC Homing to Ischemic Foci and Neovascularization After Cerebral I/R {#jah32959-sec-0032}
------------------------------------------------------------------------------------------

Eight‐week old C57BL/6 mice were irradiated with cobalt 60 to destroy their bone marrow. A suspension of bone marrow cells from the EGFP transgenic mice was injected into the irradiated mice through the jugular vein on the same day as the irradiation. The bone marrow was collected from the hind limb of these mice after 8 weeks to prepare bone marrow cell suspensions. Flow cytometry showed that 74.5% of the bone marrow cells were EGFP positive, demonstrating that most of the bone marrow cells in these mice had been replaced by EGFP‐positive cells. This result indicated the successful generation of chimeric mice with EGFP‐expressing bone marrow cells (Figure [2](#jah32959-fig-0002){ref-type="fig"}A).

![Successful construction of chimeric mice with bone marrow cells expressing enhanced green fluorescent protein (EGFP) and the mobilization and migration of bone marrow cells to the ischemic foci after cerebral ischemia/reperfusion (I/R) in the chimeric mice. A, The ratio of EGFP‐positive cells in the bone marrow cells of chimeric mice at 8 weeks after construction as determined using flow cytometry. B, The number of EGFP‐expressing (green) bone marrow--derived cells was significantly increased 3 and 7 days after middle cerebral artery occlusion in the treated group compared with the control group; this number gradually increased with time after I/R. EGFP‐expressing bone marrow--derived cells were colocalized with CD31‐positive vascular endothelial cells (n=6, \*\**P*\<0.01). The arrows indicate the EGFP and CD31 double‐labeled cells. d indicates days.](JAH3-7-e005052-g002){#jah32959-fig-0002}

A focal cerebral I/R model was established next using chimeric mice with EGFP‐expressing bone marrow cells. CD31‐labeled vascular endothelial cells (red) were present around the ischemic foci at 3 and 7 days after I/R, and the number of vascular endothelial cells increased with prolonged time after I/R. The EGFP‐positive cells were bone marrow derived, and the coexpression of the vascular endothelium‐specific marker CD31 and EGFP indicated that bone marrow‐derived EPCs participated in neovascularization (Figure [2](#jah32959-fig-0002){ref-type="fig"}B).

Increased NPCs Around Ischemic Foci After Cerebral I/R in Mice {#jah32959-sec-0033}
--------------------------------------------------------------

NPCs were labeled with DCX. The number of NPCs in the SVZ and IBZ was significantly increased 7 days after MCAO in the mice (Figure [3](#jah32959-fig-0003){ref-type="fig"}C). We also observed the NPC proliferation in the SVZ of the ischemic side. When BrdU was injected intraperitoneally on fourth to sixth days after I/R, some BrdU/DCX double‐labeled cells were found in the SVZ and along the corpus callosum on day 7 after cerebral I/R as well as in sham operated control. More DCX‐positive‐only cells were observed in the SVZ and striatum on day 7 after cerebral I/R than after sham operation (Figure [3](#jah32959-fig-0003){ref-type="fig"}A). When BrdU was injected intraperitoneally on the first to seventh days after I/R, the number of BrdU/DCX double‐labeled cells were found in the SVZ and striatum increased markedly on day 7 after I/R, which was more than that were found after sham operation (Figure [3](#jah32959-fig-0003){ref-type="fig"}B).

![Neural precursor cells (NPCs) accumulated around the ischemic foci and were distributed close to the neovasculature after cerebral ischemia/reperfusion (I/R) in mice. A, BrdU (5′‐bromo‐2′‐deoxyuridine) was injected intraperitoneally on the fourth to sixth days. In subventricular zone (SVZ) and along corpus callosum, BrdU and DCX (doublecortin) double‐labeled cells were found in cerebral I/R group and sham operated group. Whereas compare to the sham‐operated control, there are more DCX‐positive‐only cells in the SVZ and striatum on the 7th day after cerebral I/R. B, BrdU was injected intraperitoneally on the first to seventh days. BrdU/DCX double‐labeled cells increased in SVZ and striatum on day 7 after cerebral I/R compared with those in sham‐operated control mice. C, Compared with the sham‐operated control group, the number of DCX‐labeled NPCs was significantly increased in SVZ and IBZ at 7 days after middle cerebral artery occlusion (MCAO). D, Compared with the control group, CD31 and DCX double immunofluorescence staining showed that vascular endothelial cell proliferation was enhanced, and the number of neuroblasts was increased around ischemic foci 7 days after MCAO. d indicates days; DAPI, 4′,6‐diamidino‐2‐phenylindole.](JAH3-7-e005052-g003){#jah32959-fig-0003}

Double immunofluorescence staining of CD31 and DCX showed remarkably increased numbers of CD31‐positive vascular endothelial cells and DCX‐positive neuroblasts around ischemic foci at 7 days after cerebral I/R. This result suggests that the neovasculature around ischemic foci may be involved in the homing of NPCs toward ischemic foci (Figure [3](#jah32959-fig-0003){ref-type="fig"}D).

Significantly Increased miR‐210 Levels After Cerebral I/R in Mice {#jah32959-sec-0034}
-----------------------------------------------------------------

Changes in miR‐210 expression were examined in mice after cerebral I/R. Expression levels of miR‐210 in the cortex on the ischemic side were examined using qRT‐PCR at 1, 3, and 7 days after MCAO. The results showed that miR‐210 expression was significantly increased at each time point after cerebral I/R compared with sham operation, with the highest expression level observed on day 3. The miR‐210 expression level on day 7 was lower than that on day 3 but was still markedly higher than that of the control group (Figure [4](#jah32959-fig-0004){ref-type="fig"}A), suggesting that miR‐210 may participate in the pathophysiological process of cerebral ischemia.

![The expression of miR‐210 was significantly increased after the cerebral ischemia/reperfusion (I/R) in mice, and miR‐210 overexpression promoted neovascularization and neural precursor cell migration toward ischemic foci to alleviate neural function damage. A, The expression of miR‐210 in the ischemic brain tissue of the middle cerebral artery occlusion (MCAO) group was quantified using quantitative real‐time--polymerase chain reaction (qRT‐PCR) at 1, 3 and 7 days after I/R. Compared with the control group, miR‐210 expression levels were significantly higher in the MCAO group, with the highest level being observed at day 3 (\**P*\<0.05, \*\**P*\<0.01). B, Lentivirus (3 μL) with the miR‐210 overexpression construct (LV‐210\[+\]) or a miR‐210 inhibitor construct (LV‐210\[−\]) was injected into the right striatum of the mice. An empty vector (LV‐GFP) or normal saline (NS) injection was used as a control. The expression of miR‐210 in the right striatum was detected by qRT‐PCR on days 7 and 14 after the injection. The expression of miR‐210 was increased significantly on days 7 and 14 after LV‐miR‐210 injection (\*\**P*\<0.01). The expression of miR‐210 was significantly higher on day 14 than on day 7 (\**P*\<0.05). The expression on miR‐210 was significantly decreased on day 14 after injection of the LV‐miR‐210 inhibitor (\**P*\<0.05). C and D, The right striatum of the mice was injected using a stereotactic apparatus with 3 μL of lentivirus with LV‐210(+), LV‐210(−), or an empty vector (LV‐GFP). These mice were used to establish the I/R model 14 days after virus injection. The neurological deficit score (NDS) was obtained 3 days after I/R, and the brain water content (BWC) on the ischemic side of the brain was calculated. Compared with the control group injected with LV‐GFP, the overexpression of miR‐210 attenuated I/R‐induced cerebral edema, whereas the BWC was higher in the group with miR‐210 expression inhibition. The NDS was significantly decreased in the miR‐210 overexpression group and increased in the miR‐210 inhibition group (n=6, \**P*\<0.05, \*\**P*\<0.01). E and F, The right striatum of the mice was injected using a stereotactic apparatus with 3 μL of LV‐210(+) or LV‐210(−), or LV‐GFP, and the mice were used to establish the I/R model at 14 days after virus injection. At 7 days after I/R, the vascular endothelial cell‐ and DCX (doublecortin)--positive neuroblast numbers around the ischemic foci increased significantly in the miR‐210 overexpression group compared with the control group injected with LV‐GFP, whereas these numbers decreased significantly in the miR‐210 inhibition group (n=6, \**P*\<0.05, \*\**P*\<0.01). d indicates days; DAPI, 4′,6‐diamidino‐2‐phenylindole.](JAH3-7-e005052-g004){#jah32959-fig-0004}

To investigate the role of miR‐210 in cerebral I/R, a lentivirus was injected into the mouse striatum to locally overexpress or suppress miR‐210. The effect of altered miR‐210 levels on cerebral edema, neurological deficits, angiogenesis, and NPC migration after cerebral ischemia was then observed. Perfusion fixation of the mice was performed at 7 and 14 days after unilateral injection of the lentivirus into the striatum. The brains were collected and sectioned. The transduction of the lentivirus in local brain cells was observed under a confocal microscope, with green fluorescence in cells around the injection site indicating that the lentivirus had been successfully transfected. More green fluorescence--positive cells were found at day 14. Mouse striata were collected on days 7 and 14 to quantify miR‐210 expression using qRT‐PCR. The results showed that miR‐210 expression increased significantly on days 7 and 14 after LV--miR‐210 injection (*P*\<0.01); expression of miR‐210 was increased more significantly on day 14 than on day 7 (*P*\<0.05). Expression of miR‐210 was decreased significantly on day 14 after LV--miR‐210 inhibitor injection (*P*\<0.05; Figure [4](#jah32959-fig-0004){ref-type="fig"}B). Consequently, the MCAO model was established 14 days after lentivirus injection.

Neurological deficit scores were compared at 3 days after I/R among the mouse groups. The mice were euthanized, and the BWC was measured and compared. Compared with the LV‐GFP group, miR‐210 inhibition increased the BWC 72 hours after I/R (*P*\<0.01, n=6; Figure [4](#jah32959-fig-0004){ref-type="fig"}C), whereas miR‐210 overexpression reduced the BWC (*P*\<0.05, n=6; Figure [4](#jah32959-fig-0004){ref-type="fig"}C). Similarly, the neurological deficit score of the miR‐210 inhibition group was significantly higher than that of the LV‐GFP group (*P*\<0.05, n=6; Figure [4](#jah32959-fig-0004){ref-type="fig"}D), whereas the neurological deficit score of the miR‐210 overexpression group was significantly lower than that of the LV‐GFP group (*P*\<0.01, n=6; Figure [4](#jah32959-fig-0004){ref-type="fig"}D). These results indicate that miR‐210 overexpression can reduce cerebral edema around the ischemic lesion and alleviate neurological deficits.

Next, the effect of miR‐210 on angiogenesis and NPC accumulation around ischemic foci was examined. The MCAO focal cerebral I/R model was established 14 days after lentiviral injection. Perfusion fixation of the mice was performed at 7 days after cerebral I/R, and the brains were collected and sectioned for immunofluorescence staining. The virus was still expressed on the 21st day after lentiviral injection. Compared with the LV‐GFP group, the miR‐210 overexpression group exhibited a significantly increased number of vascular endothelial cells in the cerebral tissue around the ischemic foci (*P*\<0.01; Figure [4](#jah32959-fig-0004){ref-type="fig"}E), whereas the miR‐210 inhibition group showed a remarkably decreased number of vascular endothelial cells (*P*\<0.01; Figure [4](#jah32959-fig-0004){ref-type="fig"}E). Similarly, the number of NPCs in the cerebral tissues around the ischemic lesions was significantly increased in the miR‐210 overexpression group (*P*\<0.01; Figure [4](#jah32959-fig-0004){ref-type="fig"}F), whereas the number of NPCs was clearly decreased in the miR‐210 inhibition group (*P*\<0.05; Figure [4](#jah32959-fig-0004){ref-type="fig"}F). This result suggests that miR‐210 overexpression may promote neovascularization and NPC accumulation around ischemic lesions in vivo.

Significantly Increased miR‐210 Expression Under Hypoxic Conditions in EPCs and Enhanced NPC Migration by miR‐210--Overexpressing EPCs In Vitro {#jah32959-sec-0035}
-----------------------------------------------------------------------------------------------------------------------------------------------

To examine the effect of hypoxia on miR‐210 expression in EPCs, bone marrow EPCs were cultured in vitro, and the EPCs exhibited cobblestone‐like growth when observed under a microscope (Figure [5](#jah32959-fig-0005){ref-type="fig"}A). The cultured cells were examined for CD31, CD34, and VEGFR2 expression using flow cytometry at days 1, 4, and 7 to confirm successful isolation of EPCs (Figure [5](#jah32959-fig-0005){ref-type="fig"}B). The EPCs were then cultured in a hypoxic incubator with a gas mixture of 94% N~2~, 1% O~2~, and 5% CO~2~ (by volume) for 24 hours. The effect of hypoxia on miR‐210 expression in EPCs was examined using qRT‐PCR. The results showed that miR‐210 expression was significantly increased in EPCs cultured under hypoxic conditions for 24 hours compared with that in EPCs cultured under normal conditions (*P*\<0.01; Figure [5](#jah32959-fig-0005){ref-type="fig"}C). Next, the EPCs were transfected with miR‐210 mimics or a miR‐210 inhibitor, and miR‐210 expression was examined by qRT‐PCR. The increase in miR‐210 expression was most evident 48 hours after the transfection of EPCs with miR‐210 mimics, whereas the inhibition of miR‐210 expression was most obvious 48 hours after the transfection of EPCs with miR‐210 inhibitor. Consequently, 48 hours was selected as the time point of successful transfection (Figure [5](#jah32959-fig-0005){ref-type="fig"}D).

![Endothelial progenitor cells (EPCs) promoted neural precursor cell (NPC) migration, which is further enhanced by the overexpression of miR‐210 in EPCs. A, Cobblestone‐like growth of mouse bone marrow EPCs under an inverted microscope (×200). B, The successful isolation of EPCs confirmed by examination of CD31, CD34, and VEGFR2 (vascular endothelial growth factor receptor 2) expression at 1, 4 and 7 days after isolation via flow cytometry. C, Significantly increased miR‐210 expression was observed in EPCs cultured under hypoxic conditions for 24 hours compared with EPCs cultured under normal conditions (*P*\<0.01). D, EPCs were transfected with the miR‐210 mimic (miR‐210\[+\]) or miR‐210 inhibitor (miR‐210\[−\]), and the expression of miR‐210 was detected by quantitative real‐time--polymerase chain reaction. The manipulation of miR‐210 expression by miR‐210(+) (\*\**P*\<0.01) and miR‐210(−) (\*\**P*\<0.01) was most significant 48 hours after transfection. E, The isolation, culture, and characterization of mouse NPCs. The NPCs exhibited spheroid growth under an inverted microscope (×200). The cells were DCX (doublecortin) and nestin positive and β‐tubulin III negative, confirming the successful isolation and culture of NPCs. F, A transwell assay indicated that NPC migration was significantly enhanced by EPCs compared with the medium‐alone condition (n=3, \*\**P*\<0.01). The effect of EPCs was further boosted by miR‐210 overexpression (n=3, \*\**P*\<0.01), whereas the effect was decreased by the inhibition of miR‐210 (n=3, \**P*\<0.05). h indicates hours.](JAH3-7-e005052-g005){#jah32959-fig-0005}

To further investigate the role of miR‐210 in NPC migration, NPCs were isolated and cultured, exhibiting spheroid growth under the microscope. These cells were shown to be positive for nestin and DCX and negative for β‐tubulin III in immunofluorescence staining, confirming the success of NPC culture (Figure [5](#jah32959-fig-0005){ref-type="fig"}E). To observe the effects of altered miR‐210 expression in EPCs on NPC migration, EPCs that were successfully transfected with miR‐210 mimics or the miR‐210 inhibitor were placed in the lower chamber of the transwell apparatus, and NPCs were placed in the upper chamber. The cells were cultured for 24 hours to observe the impact of miR‐210 overexpression or inhibition in EPCs on NPC migration. Only medium was placed in the lower chamber of the transwell apparatus in the blank control, whereas normally cultured EPCs were put in the lower chamber as an additional control. After coculture of EPCs and NPCs for 24 hours, crystal violet staining was used to visualize the migrated NPCs on the membrane, and the number of migrated cells was counted. Compared with the blank control, normal EPCs apparently promoted NPC migration (*P*\<0.01), and the number of migrated cells in the miR‐210--overexpressing EPC group was significantly higher than that in the normal EPC group (*P*\<0.01). In contrast, compared with the normally cultured EPCs, the number of migrated NPCs was remarkably reduced in the group of EPCs with inhibited miR‐210 expression (*P*\<0.05; Figure [5](#jah32959-fig-0005){ref-type="fig"}F). These findings suggest that EPCs promote NPC migration and that miR‐210 overexpression in EPCs enhances NPC migration, whereas the inhibition of miR‐210 expression in EPCs inhibits NPC migration.

EPCs Modulate VEGF Activation Through miR‐210 Expression {#jah32959-sec-0036}
--------------------------------------------------------

Previous studies have shown that VEGF can promote the differentiation of EPCs and angiogenesis.[40](#jah32959-bib-0040){ref-type="ref"} Consequently, the effect of changes in miR‐210 expression on VEGF expression was investigated in this study. Lentivirus was injected into mouse striatum using stereotactic positioning to induce local miR‐210 overexpression or inhibition. These mice were used to establish the MCAO I/R model 14 days after virus injection. Cerebral tissues were collected from the ischemic side 7 days after model construction, and VEGF‐C expression was examined using Western blotting. VEGF‐C secretion was significantly increased in the miR‐210 overexpression group compared with the group infected with the LV‐GFP control virus, whereas VEGF‐C expression markedly declined when miR‐210 expression was suppressed (Figure [6](#jah32959-fig-0006){ref-type="fig"}A).

![miR‐210 promotes VEGF‐C (vascular endothelial growth factor C) expression. A, The right striatum of the mice was injected with 3 μL of LV‐210(+) or LV‐210(−) or LV‐GFP, and the mice were used to establish the middle cerebral artery occlusion ischemia/reperfusion (I/R) model 14 days after injection. Brain tissues were collected from the ischemic side 7 days after I/R for examination of VEGF‐C expression using Western blotting. Compared with the control group, VEGF‐C protein expression was significantly increased in the miR‐210 overexpression group and decreased in the miR‐210 inhibition group. B, The level of VEGF‐C in the supernatant of endothelial progenitor cell (EPC) culture was determined via ELISA after 24 hours of culture under hypoxia. The secretion of VEGF‐C was significantly increased in the EPCs cultured under hypoxic conditions compared with the EPCs cultured under normal conditions (n=3, \*\**P*\<0.01). C, The level of VEGF‐C in the supernatant of EPCs transfected with miR‐210 mimics or a miR‐210 inhibitor was determined by ELISA 48 hours after transfection. The secretion of VEGF‐C was significantly increased in the miR‐210 overexpression group and significantly decreased in the miR‐210 inhibition group compared with the control group (n=3, \**P*\<0.05). D, The impact of VEGFR (vascular endothelial growth factor receptor) antagonists on the promotion of neural precursor cell (NPC) migration by EPCs was evaluated using a transwell assay. Compared with the untreated EPC group, the blockade of VEGFR significantly decreased the EPCs\' effect in promoting NPC migration (n=3, \*\**P*\<0.01).](JAH3-7-e005052-g006){#jah32959-fig-0006}

As mentioned, after being cultured under hypoxic conditions for 24 hours, EPCs exhibited significantly increased miR‐210 expression compared with EPCs that were cultured under normal conditions; therefore, the effect of EPCs cultured under hypoxic conditions on VEGF‐C secretion was examined using ELISA. It was found that VEGF‐C expression by EPCs cultured under hypoxic conditions for 24 hours was significantly elevated compared with that by EPCs cultured under normal conditions (*P*\<0.01; Figure [6](#jah32959-fig-0006){ref-type="fig"}B). To further confirm the regulation of VEGF‐C by miR‐210, EPCs were transfected with miR‐210 mimics or a miR‐210 inhibitor, and cell culture supernatant was collected after 48 hours for ELISA. Compared with the blank control, VEGF‐C secretion by EPCs was significantly increased in the miR‐210 overexpression group (*P*\<0.05; Figure [6](#jah32959-fig-0006){ref-type="fig"}C), whereas VEGF‐C secretion by EPCs significantly dropped in the miR‐210 inhibition group (*P*\<0.05; Figure [6](#jah32959-fig-0006){ref-type="fig"}C).

Next, to elucidate the role of VEGF‐C in NPC migration, we examined the effect of blocking the VEGF--VEGFR interaction on NPC migration. EPCs were seeded in the lower chamber of a transwell apparatus, and NPCs were placed in the upper chamber. The VEGFR2 antagonist vandetanib and the VEGFR3 antagonist SAR131675 were also added to the upper chamber to block the VEGF--VEGFR interaction. We then observed the effect of this manipulation on NPC migration. The transwell apparatus was removed after 24 hours of culture, fixed with paraformaldehyde, and stained with crystal violet. The results showed that the number of migrated NPCs in the group treated with both antagonists was significantly lower than that in the group not treated with the antagonists (*P*\<0.01; Figure [6](#jah32959-fig-0006){ref-type="fig"}D). This result indicates that blocking the VEGF--VEGFR interaction can significantly attenuate the effect of EPCs in promoting NPC migration.

STAT3--VEGF Activation Is Modulated by miR‐210 Through SOCS1 Targeting {#jah32959-sec-0037}
----------------------------------------------------------------------

MicroRNA acts through posttranscriptional regulation of target genes, leading to the degradation of target gene mRNAs or translational inhibition. The results from this study and previous studies showed increased VEGF and STAT3 expression when miR‐210 was overexpressed.[30](#jah32959-bib-0030){ref-type="ref"}, [31](#jah32959-bib-0031){ref-type="ref"}, [33](#jah32959-bib-0033){ref-type="ref"} Consequently, we hypothesized that VEGF and STAT3 may not be direct targets of miR‐210. Through bioinformatics analysis, we found that miR‐210 can bind to the 3′‐UTR of SOCS1 mRNA, and SOCS1 may be the downstream target gene of miR‐210. It has been reported that SOCS1 can negatively regulate the STAT3--VEGF signaling pathway.[41](#jah32959-bib-0041){ref-type="ref"}, [42](#jah32959-bib-0042){ref-type="ref"}, [43](#jah32959-bib-0043){ref-type="ref"}, [44](#jah32959-bib-0044){ref-type="ref"} To determine whether SOCS1 is a direct target gene of miR‐210, the wild‐type 3′‐UTR and a mutant lacking miR‐210 binding sites were cloned downstream of the firefly luciferase coding region in a luciferase reporter vector (Figure [7](#jah32959-fig-0007){ref-type="fig"}A). These constructs were cotransfected into HEK293T cells with pRL‐TK and the miR‐210 mimic or the normal control mimic. The relative luciferase activity was reduced by 30% in cells transfected with pGL‐3 vectors containing the wild‐type SOCS1 3′‐UTR, but this reduction was not observed in cells expressing the vector with the mutant 3′‐UTR (Figure [7](#jah32959-fig-0007){ref-type="fig"}B). To further determine whether miR‐210 can inhibit the expression of SOCS1, miR‐210 mimics were transfected into HEK293T cells and EPCs, and changes in SOCS1 expression were examined using Western blotting after 48 hours. The results showed that miR‐210 overexpression decreased SOCS1 protein expression in the HEK293T cells and EPCs compared with the normal control mimic group (Figure [7](#jah32959-fig-0007){ref-type="fig"}C). Previous studies have shown that SOCS1 negatively regulates STAT3 expression and that STAT3 is a positive upstream regulator of VEGF.[41](#jah32959-bib-0041){ref-type="ref"}, [42](#jah32959-bib-0042){ref-type="ref"}, [43](#jah32959-bib-0043){ref-type="ref"}, [44](#jah32959-bib-0044){ref-type="ref"} Consequently, we examined the effect of miR‐210 overexpression on STAT3--VEGF‐C expression, in addition to its effect on SOCS1 expression. Interestingly, HEK293 cells and EPCs exhibited significant upregulation of STAT3 and VEGF‐C expression compared with the miR‐NC group after treatment with the miR‐210 mimic (Figure [7](#jah32959-fig-0007){ref-type="fig"}C). To determine whether the regulation of STAT3--VEGF‐C by miR‐210 was SOCS1‐dependent, we constructed a siRNA targeting SOCS1 and a SOCS1 overexpression vector (pcDNA3.1‐SOCS1), which were transfected into EPCs. Changes in the expression of SOCS1, STAT3, and VEGF‐C were examined using Western blotting. EPCs treated with the siRNA targeting SOCS1 exhibited significantly reduced SOCS1 protein expression, along with remarkably increased STAT3 and VEGF‐C protein expression. Meanwhile, overexpressing SOCS1 through pcDNA3.1‐SOCS1 clearly elevated SOCS1 protein expression levels, whereas the expression levels of STAT3 and VEGF‐C significantly declined (Figure [7](#jah32959-fig-0007){ref-type="fig"}D). These results demonstrated that SOCS1 is a signaling molecule that is upstream of STAT3--VEGF‐C.

![miR‐210 modulates VEGF (vascular endothelial growth factor) activation and secretion through STAT3 (signal transducer and activator of transcription 3) by targeting SOCS1 (suppressors of cytokine signaling 1). A, Schematic representation of miR‐210 recognition site in wild‐type SOCS1 3′ untranslated region (WT SOCS1 3′ UTR; WT‐UTR) and mutant SOCS1 3′UTR (MUT SOCS1 3′ UTR; MUT‐UTR). B, Luciferase activity assays of luciferase vectors containing WT‐UTR or MUT‐UTR were performed after transfection with normal control mimic (miR‐NC) or miR‐210 mimics in HEK293 cells (n=3, ^\#^ *P*\<0.05). C, Western blot showing SOCS1, STAT3, and VEGF‐C expression in the sham and miR‐210 mimic transfection groups at 48 hours in HEK293T cells and EPCs (n=3). D, Western blot assays showing the protein expression of SOCS1, STAT3, and VEGF‐C in endothelial progenitor cells (EPCs) transfected with a control small interfering RNA (si_con), a siRNA targeting SOCS1 (si_SOCS1), pcDNA3.1, or pcDNA3.1‐SOCS1. β‐Actin served as an internal reference (n=3). E, Western blot assays showing the protein expression of SOCS1, STAT3, and VEGF‐C in EPCs 48 hours after transfection with control mimics or miR‐210 mimics or cotransfection with miR‐210 mimics and the pcDNA3.1‐SOCS1 vector (n=3).](JAH3-7-e005052-g007){#jah32959-fig-0007}

To further demonstrate that the activity of miR‐210 to regulate STAT3--VEGF‐C is dependent on SOCS1, we performed a rescue experiment. As expected, EPCs transfected with miR‐210 mimics exhibited significantly reduced SOCS1 expression 48 hours after transfection, whereas the downstream molecules STAT3 and VEGF‐C showed significantly elevated expression. However, the expression of STAT3 and VEGF‐C returned to normal when the EPCs were cotransfected with pcDNA3.1‐SOCS1 and miR‐210 mimics (Figure [7](#jah32959-fig-0007){ref-type="fig"}E). These results demonstrated that miR‐210 modulates STAT3--VEGF activation by targeting SOCS1.

Discussion {#jah32959-sec-0038}
==========

The relationship between angiogenesis and neurogenesis after cerebral ischemia has been widely studied. Consistent with previous reports,[45](#jah32959-bib-0045){ref-type="ref"}, [46](#jah32959-bib-0046){ref-type="ref"}an increased number of CD31‐positive cells around an induced brain infarct were detected in the study. In addition, an increased density of vessels was observed 3 days after MCAO reperfusion, and the neovasculature further increased on day 7.

It was reported that vascular endothelial cells around infarcts proliferate and differentiate 12 to 24 hours after cerebral ischemia; immature capillaries begin to appear around infarcts after 3 days; and vascular density increases to a high level on day 7 and remains at a high level for several weeks. The neovascularization around infarcts can improve local blood supply to provide an appropriate microenvironment for neuronal remodeling.[47](#jah32959-bib-0047){ref-type="ref"}, [48](#jah32959-bib-0048){ref-type="ref"}, [49](#jah32959-bib-0049){ref-type="ref"}, [50](#jah32959-bib-0050){ref-type="ref"}, [51](#jah32959-bib-0051){ref-type="ref"}, [52](#jah32959-bib-0052){ref-type="ref"}, [53](#jah32959-bib-0053){ref-type="ref"}, [54](#jah32959-bib-0054){ref-type="ref"}, [55](#jah32959-bib-0055){ref-type="ref"} Previous studies suggested that the neovasculature originates from the expansion and migration of vascular endothelial cells, as well as the migration and differentiation of EPCs adjacent to infarcts.[56](#jah32959-bib-0056){ref-type="ref"} In this study, bone marrow cells from EGFP transgenic mice were transplanted into wild‐type C57BL/6 mice that had been irradiated with cobalt 60 to kill endogenous bone marrow cells. Flow cytometry analysis of bone marrow cell suspensions from these mice after 8 weeks of bone marrow reconstruction showed that 74.5% of the cells were EGFP positive, indicating that most bone marrow cells in these mice were replaced by donor cells. After construction of the focal cerebral I/R model in these mice, angiogenesis near the ischemic lesion increased 3 and 7 days after reperfusion, and the new blood vessels were both CD31 and EGFP positive, suggesting that donor bone marrow--derived cells were involved in neovascularization around ischemic lesions after cerebral ischemia. A significant increase in the mobilization of bone marrow EPCs following acute ischemic stroke is a rapid response to ischemia and hypoxia.[57](#jah32959-bib-0057){ref-type="ref"}, [58](#jah32959-bib-0058){ref-type="ref"}, [59](#jah32959-bib-0059){ref-type="ref"}, [60](#jah32959-bib-0060){ref-type="ref"}, [61](#jah32959-bib-0061){ref-type="ref"}, [62](#jah32959-bib-0062){ref-type="ref"}, [63](#jah32959-bib-0063){ref-type="ref"}, [64](#jah32959-bib-0064){ref-type="ref"}, [65](#jah32959-bib-0065){ref-type="ref"}, [66](#jah32959-bib-0066){ref-type="ref"} Our findings provide evidence that bone marrow--derived endogenous EPCs are a source of endothelial cells for the neovasculature and participate in neovascularization and vascular repair.

The repair of ischemic brain injury includes (1) neurogenesis and angiogenesis in the SVZ, (2) angiogenesis around the ischemic foci, and (3) migration of newborn SVZ neurons to the ischemic foci to form the neurovascular nest. In addition, nutrients produced by neovasculature provide an appropriate microenvironment and nutritional support for the survival of the original and newborn neurons and provide scaffolds for migration of newborn neurons.[67](#jah32959-bib-0067){ref-type="ref"}, [68](#jah32959-bib-0068){ref-type="ref"}, [69](#jah32959-bib-0069){ref-type="ref"} BrdU is used to label the proliferated cells because BrdU is a thymidine analogue that can be incorporated into DNA when proliferating cells enter the S cell cycle. DCX is a 43‐ to 53‐kDa intermediate filament protein expressed on both dividing NPCs and immature neurons. Both BrdU and DCX have been widely used to detect neurogenesis and neuronal migration.[70](#jah32959-bib-0070){ref-type="ref"}, [71](#jah32959-bib-0071){ref-type="ref"}, [72](#jah32959-bib-0072){ref-type="ref"} Consistent with the previous studies,[20](#jah32959-bib-0020){ref-type="ref"}, [44](#jah32959-bib-0044){ref-type="ref"}, [73](#jah32959-bib-0073){ref-type="ref"} the number of DCX‐positive cells was found to be increased in the SVZ and IBZ at 7 days after I/R in this study. In addition, similar to the prior studies showing that SVZ neurogenesis increased and neuroblasts migrated into the adjacent striatum after cerebral ischemia,[74](#jah32959-bib-0074){ref-type="ref"}, [75](#jah32959-bib-0075){ref-type="ref"}, [76](#jah32959-bib-0076){ref-type="ref"} many BrdU/DCX double‐labeled cells were observed in the SVZ and striatum on day 7 after cerebral I/R compared with sham operation in this study. The findings mentioned strongly suggest that NPCs in the SVZ proliferated after cerebral ischemia and that the increased NPCs in the IBZ might migrate from the SVZ. When BrdU was injected intraperitoneally on the fourth to sixth days, more DCX‐positive‐only cells were observed in the SVZ and striatum on day 7 after cerebral I/R than in those of the sham‐operated control mice. In contrast, when BrdU was injected intraperitoneally on first to seventh days, more BrdU/DCX double‐labeled cells were observed in the SVZ and striatum on day 7 after cerebral I/R than after sham operation. The long cell cycle of the NPCs may explain the phenomena. Neurogenesis was reported to be linked mechanically with angiogenesis by several studies.[27](#jah32959-bib-0027){ref-type="ref"}, [77](#jah32959-bib-0077){ref-type="ref"} In our study, the observation of a relatively higher number of microvessels and NPCs around the ischemic area indicated that the local microenvironment provided by new blood vessels facilitates NPC accumulation around ischemic foci. Our in vivo results discovered that bone marrow--derived EPCs are involved in the formation of new blood vessels; therefore, we examined the in vitro effects of EPCs on NPC migration and found that more NPCs migrated when cultured with normal EPCs in the lower chamber of the transwell apparatus than with medium alone. The findings revealed that EPCs promote NPC migration and confirmed in vitro that the local microenvironment produced by EPCs may affect NPC migration.

After cerebral ischemia, the tissues at the center of the ischemic foci undergo ischemic hypoxic degeneration and necrosis. The blood supply to the tissue at the periphery of ischemic foci decreases, leading to a hypoxic state, and VEGF expression increases as a result.[16](#jah32959-bib-0016){ref-type="ref"} VEGF‐C expression was detected to significantly increase when EPCs were cultured for 24 hours under hypoxic conditions compared with EPCs cultured under normal conditions. VEGF is an endothelial cell--specific mitogen and a secretory protein dimer. The exogenous administration or overexpression of VEGF can promote injury‐induced angiogenesis, induce the expansion of NPCs in the SVZ, and promote the migration and survival of newborn neurons.[77](#jah32959-bib-0077){ref-type="ref"}, [78](#jah32959-bib-0078){ref-type="ref"}, [79](#jah32959-bib-0079){ref-type="ref"} In this study, angiogenesis and the number of neuroblasts around ischemic foci were found to increase in vivo. In vitro analysis showed that EPCs cultured under normal conditions secreted VEGF‐C, the levels of which were higher when EPCs were cultured under hypoxic conditions. EPCs promoted the migration of NPCs. The overexpression of miR‐210 increased the expression of VEGF‐C by EPCs, further enhancing the positive effect of EPCs on NPC migration. These data suggested that VEGF produced by new blood vessels in the local microenvironment could promote NPC accumulation around ischemic foci and acted as an important link between angiogenesis and neurogenesis. Taken together, these findings further confirmed that VEGF plays an important role in neurovascular remodeling during hypoxic--ischemic brain damage.[25](#jah32959-bib-0025){ref-type="ref"}, [26](#jah32959-bib-0026){ref-type="ref"}

As a highly conserved hypoxia‐regulated noncoding miRNA, miR‐210 is expressed in a variety of hypoxic tissues and plays an important role in cell survival, migration, and differentiation.[29](#jah32959-bib-0029){ref-type="ref"}, [80](#jah32959-bib-0080){ref-type="ref"}, [81](#jah32959-bib-0081){ref-type="ref"} Consistent with previous reports,[6](#jah32959-bib-0006){ref-type="ref"}, [82](#jah32959-bib-0082){ref-type="ref"} the expression of miR‐210 in the ischemic side of the cerebral cortex rose 1 day after focal cerebral I/R, peaked after 3 days, and began to decline at 7 days in the in vivo study. In the in vitro experiments, miR‐210 expression was upregulated in EPCs after 24 hours of culture under hypoxia. The findings confirmed that miR‐210 expression increased in both hypoxic brain tissue and EPCs. The overexpression of miR‐210 in endothelial cells in vitro promoted the formation of capillary‐like structures,[7](#jah32959-bib-0007){ref-type="ref"}, [43](#jah32959-bib-0043){ref-type="ref"}, [83](#jah32959-bib-0083){ref-type="ref"} and the local injection of miR‐210 promoted vascular proliferation in injured joints, the Achilles tendon, and the myocardium.[10](#jah32959-bib-0010){ref-type="ref"}, [31](#jah32959-bib-0031){ref-type="ref"} The overexpression of miR‐210 in the striatum by local injection of lentivirus was previously shown to enhance angiogenesis in the basal ganglia and neurogenesis in the SVZ and hippocampus of both normal and cerebral ischemia mice.[11](#jah32959-bib-0011){ref-type="ref"}, [12](#jah32959-bib-0012){ref-type="ref"} The present detection revealed increased expression of miR‐210 in the ischemic side of the cerebral cortex in a model of cerebral ischemia and enhanced neovascularization around the ischemic foci, suggesting that increased miR‐210 expression in the tissues around ischemic foci after cerebral ischemia was an early response of the brain to hypoxia to promote angiogenesis. This study showed that miR‐210 expression in the cerebral cortex on the ischemic side increased after focal brain ischemia. VEGF expression was also reported to increase after cerebral ischemia.[84](#jah32959-bib-0084){ref-type="ref"}, [85](#jah32959-bib-0085){ref-type="ref"}, [86](#jah32959-bib-0086){ref-type="ref"}, [87](#jah32959-bib-0087){ref-type="ref"}, [88](#jah32959-bib-0088){ref-type="ref"}, [89](#jah32959-bib-0089){ref-type="ref"}, [90](#jah32959-bib-0090){ref-type="ref"} To further clarify the relationship between these 2 phenomena, we injected a lentivirus to alter the local expression of miR‐210 in the striatum. A focal cerebral I/R model was established 14 days after lentivirus injection. Seven days after I/R model establishment, the expression of VEGF‐C in the cerebral cortex on the ischemic side was found to be significantly higher in the group injected with the miR‐210 lentivirus than in the group injected with the LV‐GFP lentivirus. In addition, the numbers of microvessels and DCX‐positive cells around the ischemic foci increased in the miR‐210 overexpression group, consistent with the prior reports by Zeng et al.[13](#jah32959-bib-0013){ref-type="ref"} EPCs were shown to be involved in angiogenesis around ischemic foci. To elucidate the relationship between angiogenesis around ischemic foci and NPC migration, miR‐210 mimics were used to overexpress miR‐210 in EPCs in vitro, and the data revealed that both VEGF‐C expression and the number of migrated NPCs significantly increased in the miR‐210 overexpression group compared with the untreated EPC group. In contrast, inhibition of miR‐210 expression using a miR‐210 inhibitor significantly decreased VEGF‐C expression and the number of migrated NPCs, suggesting that miR‐210 promoted angiogenesis and upregulated VEGF expression in EPCs to enhance NPC migration further. The findings were consistent with the previous studies in vitro and in vivo that showed miR‐210 upregulates VEGF expression.[28](#jah32959-bib-0028){ref-type="ref"}, [29](#jah32959-bib-0029){ref-type="ref"}, [31](#jah32959-bib-0031){ref-type="ref"} Unfortunately, no study has explored the mechanism underlying this effect so far. To elucidate the regulatory mechanism between miR‐210 and VEGF, we conducted a bioinformatics analysis using PicTar and Target Scan 6.0 and found that miR‐210 could bind to the 3′‐UTR of SOCS1 mRNA, which was confirmed using a luciferase reporter system. Moreover, our data showing that miR‐210 overexpression decreased SOCS1 protein expression in HEK293 cells and EPCs further verified that miR‐210 can reduce SOCS1 protein levels by inhibiting the transcription of SOCS1 mRNA. Many studies have demonstrated that SOCS1 is a negative modulator of the JAK/STAT pathway.[91](#jah32959-bib-0091){ref-type="ref"}, [92](#jah32959-bib-0092){ref-type="ref"}, [93](#jah32959-bib-0093){ref-type="ref"} The overexpression of SOCS1 inhibits STAT3 expression, reduces VEGF‐A production, and decreases myocardial vessel density.[94](#jah32959-bib-0094){ref-type="ref"} STAT3 can bind to the VEGF promoter and activating STAT3 upregulates VEGF expression. The interference of STAT3 signaling via the expression of a dominant‐negative STAT3 protein, a STAT3 inhibitor, or STAT3 antisense RNA was previously shown to downregulate VEGF expression.[28](#jah32959-bib-0028){ref-type="ref"}, [94](#jah32959-bib-0094){ref-type="ref"} The transfection of normal endometrial stromal cells with miR‐210 induced cell proliferation and VEGF production and inhibited apoptosis by activating STAT3.[28](#jah32959-bib-0028){ref-type="ref"} In the present study we found that SOCS1 expression decreased and STAT3 and VEGF expression increased in miR‐210--overexpressing HEK293 cells and EPCs. The expression of STAT3 and VEGF‐C significantly increased after following treatment with SOCS1 siRNA, whereas their expression significantly decreased when SOCS1 was overexpressed using pcDNA3.1‐SOCS1. These results suggested that SOCS1 is a link in the regulation of the STAT3--VEGF axis by miR‐210. When EPCs were cotransfected with pcDNA3.1‐SOCS1 and miR‐210 mimics, no significant differences in the levels of SOCS1, STAT3, and VEGF‐C were observed compared with control. These findings revealed that miR‐210 upregulates STAT3 to increase VEGF expression via the downregulation of SOCS1, thereby regulating VEGF.

This study has some limitations. Although we found that NPCs proliferated in the SVZ and some NPCs accumulated in the IBZ after cerebral I/R, we could not demonstrate accurately that the NPCs accumulated in the IBZ migrated from the SVZ in vivo because it is difficult to label NPCs in the brain.

In summary, this study showed that miR‐210 expression and the number of DCX‐positive neuroblasts increased around ischemic foci after cerebral ischemia in vivo. Moreover, bone marrow--derived EPCs were involved in neovascularization around ischemic foci, and miR‐210 overexpression promoted neovascularization around ischemic foci and NPC accumulation around these foci. The in vitro study results demonstrated that miR‐210 expression was upregulated after hypoxia, which promoted NPC migration by enhancing VEGF‐C expression in EPCs. This study also investigated the regulatory effect of miR‐210 on VEGF‐C in vitro, and the results suggested that miR‐210 decreased SOCS1 expression by inhibiting SOCS1 transcription, thereby upregulating STAT3--VEGF signaling. As an important regulatory pathway in the reconstruction of the neurovascular microenvironment after cerebral ischemia, the miR‐210--SOCS1--STAT3--VEGF axis promotes neovascularization and NPC accumulation around ischemic foci after cerebral ischemia and facilitates nerve repair.
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